Nucleoside transporters are evolutionarily conserved proteins that are essential for normal cellular function. In the present study, we examined the role of equilibrative nucleoside transporter 2 (ent2) in Drosophila. Null mutants of ent2 are lethal during late larval/early pupal stages, indicating that ent2 is essential for normal development. Hypomorphic mutant alleles of ent2, however, are viable and exhibit reduced associative learning. We additionally used RNA interference to knock down ent2 expression in specific regions of the CNS and show that ent2 is required in the ␣/␤ lobes of the mushroom bodies and the antennal lobes. To determine whether the observed behavioral defects are attributable to defects in synaptic transmission, we examined transmitter release at the larval neuromuscular junction (NMJ). Excitatory junction potentials were significantly elevated in ent2 mutants, whereas paired-pulse plasticity was reduced. We also observed an increase in stimulus dependent calcium influx in the presynaptic terminal. The defects observed in calcium influx and transmitter release probability at the NMJ were rescued by introducing an adenosine receptor mutant allele (AdoR 1 ) into the ent2 mutant background. The results of the present study provide the first evidence of a role for ent2 function in Drosophila and suggest that the observed defects in associative learning and synaptic function may be attributable to changes in adenosine receptor activation.
Introduction
By acting as energy transfer molecules (e.g., ATP and GTP) and precursors for nucleic acid synthesis, nucleosides play an important role in many cellular homeostatic processes (Rose and Coe, 2008) . Additionally, adenosine can act on P 1 purinergic receptors to modulate neuronal and endocrine signaling (Burnstock, 2008) . Nucleoside transport across cell membranes is mediated by two evolutionarily distinct gene families. The equilibrative nucleoside transporters (ENTs) facilitate passive bidirectional nucleoside transport, whereas the concentrative nucleoside transporters (CNTs) facilitate unidirectional Na ϩ -dependent nucleoside transport (Pastor-Anglada et al., 2008; Young et al., 2008) . In mammals, four ENTs have been identified. ENT1, ENT2, and ENT4 are reported to show plasma membrane localization, whereas ENT3 appears to be localized to intracellular structures (Young et al., 2008) .
As indicated above, both ENTs and CNTs play a key role in the regulation of purinergic (adenosine and ATP) receptor signaling.
In the CNS, ENT1 expression can modulate behaviors such as anxiety and drug dependence/addiction by regulating the availability of adenosine for P 1 purinergic receptors in different regions of the CNS (Alanko et al., 2003; Choi et al., 2004; Guillén-Gó mez et al., 2004) . ENTs and CNTs have also been shown to act as routes of entry for drugs used to treat cancer and parasitic infections like malaria (Zhang et al., 2007; Downie et al., 2008) . Given this therapeutic potential for ENTs and CNTs, a more complete understanding of the multiple roles played by these proteins will be important.
Model organisms such as Drosophila melanogaster have proven to be valuable research tools because of greater genetic tractability and less genetic redundancy than mammalian models. Three ENTs have been identified in Drosophila (Sankar et al., 2002) ; however, when expressed in Xenopus oocytes, only ent2 showed nucleoside transport activity (Machado et al., 2007) . Two CNTs have also been identified in Drosophila (Machado et al., 2007) , although the functional properties of these transporters remains uncertain. Another appealing feature is the fact that Drosophila possesses a single P 1 (adenosine) receptor gene (AdoR) (Dolezelova et al., 2007) and no P 2 (ATP) receptors (Littleton and Ganetzky, 2000; Lima and Miesenböck, 2005) . Together, these results suggest that Drosophila could be a useful model organism for studying both the role of equilibrative nucleoside transporters in different physiological processes and the interaction between equilibrative nucleoside transport and adenosine receptor signaling.
In the present study, we show that null mutants for ent2 are lethal indicating an essential role for ent2 during Drosophila de-velopment. We also show that hypomorphic mutations in ent2 give rise to defects in associative learning in Drosophila. Moreover, our data show that ent2 is required in the ␣/␤ lobes of the mushroom bodies and antennal lobes for normal associative learning. We additionally show that ent2 regulates presynaptic calcium influx leading to defects in synaptic strength and plasticity at the neuromuscular junction. Finally, we provide evidence of a genetic interaction between ent2 and AdoR and show that the changes in synaptic function observed in ent2 mutants may be mediated by changes in adenosine receptor activation.
Materials and Methods
Fly stocks. The P124 insertion mutant (referred to as ent2 P124 ) was generated in a screen looking for genes involved in learning or memory (Kamyshev et al., 2000; Bragina and Kamyshev, 2003) . The ent2 P124 insertion site was shown by sequencing to be 21 bp downstream of the predicted transcription start site of ent2. The ent2 1 , ent2 2 , and ent2 3 mutant alleles were generated by imprecise excision of the ent2 P124 transposable element. The ent2 1 excision removes the entire coding region of ent2 as well as most of the 5Ј-and 3Ј-untranslated regions (UTRs), leaving ϳ10 bp of the 5Ј-UTR and 60 bp of the 3Ј-UTR. As indicated in Figure 1 A, CG13766 overlaps the 3Ј end of ent2 by ϳ30 bp. The ent2 1 excision does not remove any of the CG13766 gene. The ent2 2 excision removes all but the first 21 bp of the 5Ј-UTR and the first 73 bp of the coding sequence. The ent2 3 excision removes the first 20 bp of the 5Ј-UTR of ent2 as well as 227 bp of the intergenic region between ent2 and CG9596. The adenosine receptor mutant (AdoR 1 ) was generated by homologous recombination and includes a stop codon after amino acid 278 (Dolezal et al., 2005) . All stocks were outcrossed for at least five generations to the cantonized w 1118 strain before experimentation to reduce genetic variability. The UAS-ent2-RNAi line (termed ent2
RNAi ) was obtained from the Vienna RNAi Stock Center (stock number 7618). The NP7068 line (termed ent2 Gal4 ) contains a P{GawB} insertion 7 bp 5Ј of the ent2 P124 insertion and was obtained from the Kyoto Stock Center. The OK66
Gal4 line was a gift from E. M. C. Skoulakis, (Texas A&M University, College Station, TX), and the 17D Gal4 line was a gift from G. Roman (University of Houston, Houston, TX). The 739
Gal4 line and two deficiency lines [Df(2L)BSC6 and Df(2L)BSC7] that cover the 26E3 region of the second chromosome were obtained from the Bloomington Stock Center. The UAS-dnc line has been previously described (Cheung et al., 1999) .
Quantitative reverse transcription-PCR. Total RNA was extracted from adult flies using Trizol reagent and purified using Mini RNA isolation columns from Invitrogen. Isolated RNAs were DNase treated using Invitrogen amplification grade DNase I. DNase-treated RNA was reverse transcribed using a reverse transcription kit from Roche with 250 ng random hexamers. The cDNA was amplified by quantitative PCR using the Roche Light Cycler 480 and the following primers: ent2 Fwd, CGCG-CAGGGAAAATCAAACC; ent2 Rev, GCCAACACCCACGTTGATCC; CG9596 Fwd, AACCTGAGGCGATAGAACCGACCAC; CG9596 Rev, GGCGGCCACCACCAGACTGT; RP49 Fwd, AGTGCGTCGCCGCT-TCAAGG; and RP49 Rev, AGAACGCAGGCGACCGTTGG. RP49 refers to the gene ribosomal protein L32, which was used as an internal loading control in all experiments. Amplified PCR products were detected using SYBR Green 1 reagents from Roche. The relative level of transcript was calculated using the following formula: ratio ϭ E ⌬Cp (target)/E ⌬Cp , where E is the efficiency of the PCR, calculated from the slope of a standard curve using the equation E ϭ 10 [Ϫ1/slope] (Pfaffl, 2001) and ⌬Cp is the difference between the control and mutant Cp values.
Electrophysiology. Larvae were dissected (Jan and Jan, 1976) in a hemolymph-like solution (HL3.1) (Feng et al., 2004) containing 0.2 mM calcium and pinned to the Sylgard (Dow Corning) base of a 0.5 ml perfusion bath. The segmental nerves exiting the ventral ganglion were cut and drawn into a fire-polished glass stimulating pipette. Square wave pulses (0.15 ms; 5-15 V) were delivered to generate action potentials in the motor neurons. Electrophysiological recordings were obtained from muscles 6 and 7 of abdominal segments 3 and 4 with sharp intracellular microelectrodes filled with 1.5 M potassium chloride and 1.5 M potassium acetate (20 -50 M⍀) . Stimulus evoked excitatory junction potentials (EJPs) and spontaneous miniature EJPs (mEJPs) were recorded using an Axoclamp 2B amplifier and 0.1 LU head stage from Molecular Devices. Analog signals were low-pass filtered at 5 kHz, digitized at 20 kHz by a Powerlab/4SP A/D converter, and saved on a computer for later analysis using Mini Analysis software (Synaptosoft).
Pavlovian olfactory conditioning. Learning experiments were done as described by Tully and Quinn (1985) . Three-to 5-d-old flies were sequentially exposed to two odors for 60 s each. The first odor was paired with electric shock (60 V, 12 ϫ 1.5 s pulses), whereas the second odor was not. Associative learning was tested within 3 min of completion of the training. During the testing, flies were exposed to both odors simultaneously in a T-maze. All training and testing were performed in a climate-controlled room with 75% humidity at 25°C under dim red light. The learning index was calculated as the percentage of flies that correctly avoided the odor paired with electric shock minus the percentage that incorrectly avoided the second odor. The paired and unpaired odors were swapped in each half of the experiment. The performance index (PI) was calculated as the average of the two reciprocal learning index values. Sensorimotor responses were tested in untrained flies of the same age. Flies were placed in a T-maze and given a choice between an odor and clean air or between two electric grids, with only one of the grids connected to the stimulator. Avoidance values represent the percentage of flies that avoided the odor or electric shock minus the percentage of flies that did not. The genotypes of experimental flies were coded before the experiments such that experiments were performed blind to avoid any subconscious bias.
Immunohistochemistry. Adult brains were dissected in phosphatebuffered solution with 0.1% Triton X-100 (PBST) and fixed in 4% paraformaldehyde in PBST for 1 h at room temperature. Fixed brains were blocked overnight at 4°C with 4% normal goat serum and 4% normal donkey serum (filter sterilized) in PBST. Monoclonal primary antibodies against Fasciclin II (Fas II) and TRIO were obtained from the Developmental Studies Hybridoma Bank and used at a concentration of 1:10. The rabbit anti-green fluorescent protein (GFP) antibody was obtained from Invitrogen and used at 1:1000. Secondary antibodies (goat anti-rabbitAlexa Fluor 488 and donkey anti mouse-Cy3) were obtained from Invitrogen and used at a concentration of 1:1000. Stained brains were mounted on glass slides and imaged using a Zeiss Axiovert 200 equipped with a Hamamatsu Orca AG CCD camera and spinning disk confocal scan head driven by Volocity acquisition software.
Calcium imaging. The calcium indicator OGB (Oregon Green BAPTA-1-dextran) was loaded into motor neuron boutons using the forward filling technique previously described (Macleod et al., 2002) . Calcium levels in the boutons were measured by line scanning through individual type Ib boutons with a Bio-Rad 600 confocal scan head attached to a Nikon Optiphot-2 microscope with an Olympus 40ϫ water-immersion lens (0.7 numerical aperture). Line scans were captured at a rate of 4 ms per line. Images were analyzed using ImageJ software. The changes in fluorescence caused by calcium influx were plotted as ⌬F/F o , where ⌬F is the change in fluorescence that occurs during axon stimulation and F o is the resting fluorescence in the bouton before stimulation (calculated as the average fluorescence intensity within the region of interest minus the average fluorescence intensity in an adjacent background region).
Statistics. Two-tailed t tests were used to compare two groups and ANOVAs followed by a Tukey post hoc test were used to compare multiple groups. All statistics were performed using Excel and SigmaPlot software. In all cases, the data are shown as ϮSEM.
Results

Generation and characterization of ent2 mutants
The P124 insertion line (referred to from here on as ent2 P124 ) was originally generated in a screen looking for novel genes involved in learning and memory in Drosophila (Kamyshev et al., 2000; Bragina and Kamyshev, 2003) . In these studies, the ent2 P124 mutant was shown to have a defect in conditioned courtship suppression. Sequencing of the insertion site showed that the ent2 P124 insertion maps to position 26E3 on the left arm of the second chromosome. As seen in Figure 1 A, the ent2 P124 transposon is inserted in the 5Ј-untranslated region of ent2. The next closest gene to the insertion site is CG9596, ϳ680 bp away from the insertion site. To determine whether ent2 was responsible for the phenotypes observed in the ent2 P124 insertion line, we performed an excision screen of the ent2 P124 transposon and generated two precise excisions and three independent imprecise excision mutants: ent2 1 , ent2 2 , and ent2 3 (Fig. 1 A) . (Fig. 1 B) . CG9596 expression, however, was normal in both ent2 P124 and ent2 3 mutants (104.8 Ϯ 20.8% of control in ent2 P124 ; 112 Ϯ 17.2% of control in ent2
3 ) (Fig. 1 B) . insertion nor any of the excisions generated caused a significant change in the expression levels of CG9596, suggesting that the phenotypes observed in these mutants are specific and attributable to a reduction in ent2 expression.
ent2 is expressed in the mushroom bodies and the antennal lobes Previous studies have shown both visual and cognitive defects in the ent2 P124 line (Kamyshev et al., 2000; Molotova-Besedina et al., 2009) ; however, the cellular and molecular mechanisms underlying these defects have not yet been characterized. We first examined the expression of ent2 in the CNS using the Gal4-UAS binary expression system (Brand and Perrimon, 1993) to drive expression of a UAS-enhanced GFP (eGFP) transgene under the control of the ent2 Gal4 line. In the adult CNS, eGFP expression was observed primarily in the mushroom bodies (MBs), the antennal lobe (AL), and the pars intercerebralis (pars) (Fig. 2) . We observed weak eGFP expression throughout the antennal lobes, Gal4 insertion is indicated by the gray triangle. The two nearest genes to ent2 (CG9596 and CG13766 ) are also depicted. Both CG9596 and CG13766 read 5Ј to 3Ј from right to left, whereas ent2 reads 5Ј to 3Ј from left to right. The imprecise excision mutants ent2 1 , ent2 2 , and ent2 3 are illustrated. The limits of the excisions are indicated by square brackets. B, Quantitative RT-PCR was performed on total RNA extracted from control, ent2 P124 , and ent2 3 adult flies. The solid bars indicate the expression of ent2 and CG9596 in ent2 P124 flies normalized to control expression levels, whereas the shaded bars indicate the expression level of ent2 and CG9596 in ent2 3 mutants. Error bars indicate SEM.
Figure 2. Expression of ent2. A, ent2
Gal4 was used to drive expression of a UAS-eGFP transgene. In the adult CNS, eGFP expression is apparent in the pars, the MBs, and the ALs. B, Model of the organization of the MB lobes. Axons travel from the Kenyon cells along the calyces (data not shown) where they split into three horizontal lobes (␤, ␤Ј, and ␥) and two vertical lobes (␣ and ␣Ј) that intertwine around each other. C, ent2
Gal4 -driven eGFP expression (top) colocalized with Fas II (middle) in the ␣/␤ lobes of the MB. D, ent2
Gal4 -driven eGFP expression (top) does not colocalize with Trio expression (middle) in the ␣Ј/␤Ј or ␥ lobes. Scale bars, 50 m.
with strong eGFP expression in a subset of glomeruli within the AL (Fig. 2 A) . Within the AL, ent2
Gal4 driven eGFP expression appeared to be strongest in the VL1, VM4, VC3, and DM2 glomeruli (Laissue et al., 1999) . The specific identity of the eGFPpositive glomeruli was confirmed by costaining antennal lobes with an antibody against bruchpilot (nc82) (Laissue et al., 1999) (data not shown). Studies of the anatomy of the Drosophila olfactory system have shown that most glomeruli are innervated by olfactory sensory neurons expressing a single olfactory receptor gene (Couto et al., 2005; Fishilevich and Vosshall, 2005) . The DM2 glomerulus is innervated by olfactory receptor neurons expressing the Or22a olfactory receptor gene (Couto et al., 2005; Fishilevich and Vosshall, 2005) . The identity of the olfactory receptor neurons innervating the VM4, VL1, and VC3 glomeruli remains to be determined, although it has been suggested that these glomeruli are innervated by olfactory receptor neurons originating in the coeloconic sensilla (Couto et al., 2005) . The functional significance of the relatively restricted expression of ent2 in the antennal lobes remains to be determined. In addition to the AL expression, we also observed strong expression within the MB. Figure 2 , C and D, shows colocalization of ent2
Gal4 -driven eGFP expression with Fasciclin II (Fas II) but not with TRIO. Antibodies against Fas II label the ␣/␤ and ␥ lobes of the MB, whereas antibodies against TRIO label the ␣Ј/␤Ј and ␥ lobes (Awasaki et al., 2000; Krashes et al., 2007) . The results show that ent2 is expressed specifically in the ␣/␤ lobes of the mushroom bodies. Both the antennal lobes and the mushroom bodies are important structures for learning and memory in flies (Berry et al., 2008) .
Fluorescent in situ hybridization experiments (FISH) showed that ent2
Gal4 -driven expression of eGFP in the larval CNS colocalized with the expression of a digoxigenin-labeled riboprobe specific to ent2 (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). Additionally, we observed strong FISH labeling in frozen sections of the adult CNS in a pattern that reflects previous reports of dunce and rutabaga localization in the Kenyon cell bodies (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material) (Nighorn et al., 1991; Han et al., 1992) . Together, these results suggest that the ent2 Gal4 expression is a reliable indicator of endogenous ent2 expression. Interestingly, when we used a two times higher concentration of ent2-specific riboprobe on frozen sections of the adult CNS, we were able to detect labeling in several cells in the optic lobe in addition to the labeling in the Kenyon cells (supplemental Fig.  1 F, available at www.jneurosci.org as supplemental material). It is unclear whether this is indicative of a low-level expression of ent2 expression in the optic lobes or simply nonspecific staining.
Of the four ENTs in mammals, ENT1, ENT2, and ENT4 are reported to show plasma membrane localization, whereas ENT3 shows an intracellular localization (Young et al., 2008) . Given that both the MB and the AL where ent2 is most strongly expressed are dense neuropil structures, it would be extremely difficult to reliably determine whether ent2 is expressed at the plasma membrane in these areas. To address this issue, we generated a V5-tagged ent2 construct and expressed this construct in S2 cells under the control of the metallothionein promoter. As shown in supplemental Figure 1 H (available at www.jneurosci. org as supplemental material), the V5-tagged ent2 shows strong plasma membrane localization in transfected cells, but not in nontransfected cells (supplemental Fig. 1 I, available at www. jneurosci.org as supplemental material). Previous work has shown ent2 is insensitive to pharmacological inhibitors (Machado et al., 2007) . Combined with the plasma membrane localization we have observed for ent2, the localization results of the present study suggest that ent2 in Drosophila may be a functional homolog of mammalian ENT2.
ent2 mutants show defects in associative learning
The expression of ent2 in antennal lobes and mushroom bodies supports a role for ent2 in learning and/or memory. Previous studies have shown that the ent2 P124 mutant allele causes defects in associative learning (Kamyshev et al., 2000; MolotovaBesedina et al., 2009) . The previous studies, however, did not provide any evidence showing that the behavioral phenotypes are related to ent2 expression or function. Our molecular analysis shows that ent2 P124 and ent2 3 mutant alleles both cause similar reductions in the levels of ent2 transcript. To determine whether changes in ent2 expression affect associative learning, we examined olfactory-based associative learning in both the ent2 P124 and ent2 3 hypomorphic mutant alleles immediately after training. Since defects in sensory input may contribute to any observed defects in associative learning, we first measured the olfactory acuity and shock sensitivity of the ent2 mutants and found the sensory preferences to be unimpaired (supplemental Table 1 , available at www.jneurosci.org as supplemental material). As previously shown, the ent2 P124 insertion line showed a significantly ( p Ͻ 0.001) reduced performance index relative to the control line (compare performance indices Ϯ SEM of 85.8 Ϯ 2.6 in control, N ϭ 8, with 66.3 Ϯ 3.7 in ent2 P124 , N ϭ 8) (Fig. 3A) . Interestingly, ent2
3 mutants also showed a significant ( p Ͻ 0.001) reduction in the performance index relative to the control (61.4 Ϯ 3.4; N ϭ 8) (Fig. 3A) . In comparison, the ent2 precise excision lines showed normal performance indices compared with the w 1118 control (data not shown). These results combined with the qRT-PCR results (Fig. 1 B) provide the first direct evidence of a link between ent2 expression and associative learning in Drosophila. We additionally examined associative learning in the independently generated homozygous ent2
Gal4 line and observed a similar decrease in associative learning compared with the control (56.4 Ϯ 7.4; N ϭ 4) (Fig. 3A) . This result showing a comparable behavioral phenotype in an independently generated mutant allele provides additional support for a specific role for ent2 in associative learning in Drosophila.
We next asked where ent2 expression is required for normal associative learning. For this purpose, we used RNA interference (RNAi) (Fire et al., 1998) to knock down expression of ent2 in specific regions of the CNS. A transgenic line containing a UASdriven inverted repeat (Dietzl et al., 2007) (obtained from the Vienna Drosophila RNAi Center) specific to ent2 (referred to here as ent2
RNAi ) was first crossed to the ent2 Gal4 line. To control for positional effects of either the Gal4 insertion or the UAS-RNAi insertion, both the ent2 Gal4 and the ent2 RNAi lines were crossed to w 1118 and the heterozygous offspring were used as controls. Flies bearing both the ent2
RNAi and the ent2 Gal4 transgenes (Fig. 3B , solid bar) showed a significant ( p Ͻ 0.05) reduction in performance indices compared with either the ent2 RNAi /ϩ (Fig. 3B , shaded bar) or ent2 Gal4 /ϩ (Fig. 3B , open bar) control lines (compare performance indices of 60.4 Ϯ 3.9 in ent2 Gal4 ;ent2 RNAi , N ϭ 6, with 73.3 Ϯ 3.8 in ent2
Gal4 /ϩ, N ϭ 6, or 72.4 Ϯ 3.6 in ent2
RNAi /ϩ, N ϭ 6). Since the sensory inputs were not impaired in any of the lines used (supplemental Table 1 , available at www. jneurosci.org as supplemental material), the observed reductions in the performance indices suggest a specific defect in associative learning. These results provide additional support for a role for ent2 in associative learning. Furthermore, these results provide additional evidence that the ent2
Gal4 expression pattern in the adult CNS is a reliable indicator of endogenous ent2 expression since knockdown of ent2 expression specifically in these cells produced a similar phenotype to that observed in both the ent2
P124
and ent2 3 mutants. Since ent2 is expressed in both antennal lobes and mushroom bodies, and both of these structures have been implicated in learning/memory in Drosophila (Berry et al., 2008) , we next asked which of these structures contributes to the observed defects. For this purpose, the ent2 RNAi line was crossed to different Gal4 enhancer trap lines to drive expression of the ent2
RNAi transgene specifically in the antennal lobes (OK66 Gal4 ) or in the mushroom bodies (739 Gal4 or 17d Gal4 ). Before the behavioral experiments, the expression patterns of these Gal4 enhancer traps were examined by crossing each line to the UAS-eGFP transgenic line. OK66 Gal4 drives eGFP expression primarily in the antennal lobes, although weak expression was observed in the core of the mushroom bodies and the pars intercerebralis (supplemental Fig.  2 A, available at www.jneurosci.org as supplemental material), whereas both 739 Gal4 and 17D Gal4 express strongly in the ␣/␤ lobes of the mushroom bodies (supplemental Fig. 2C,D , available at www.jneurosci.org as supplemental material). We observed a significant ( p Ͻ 0.05) reduction in the performance indices when the ent2
RNAi line was crossed to OK66 Gal4 (compare performance indices Ϯ SEM of 53.1 Ϯ 5 in OK66 Gal4 ;ent2 RNAi , N ϭ 6, with 67.3 Ϯ 2.9 in OK66 Gal4 /ϩ, N ϭ 6). We also observed significant ( p Ͻ 0.05) reductions in the performance indices when the ent2
RNAi line was crossed to either the 739 Gal4 (49.3 Ϯ 4.5 in 739
Gal4 ;ent2 RNAi , N ϭ 6, with 67.3 Ϯ 2.9 in 739 Gal4 /ϩ, N ϭ 6) or 17D Gal4 (compare 52.6 Ϯ 2.9 in 17D Gal4 ;ent2 RNAi , N ϭ 6, with 69.5 Ϯ 4.3 in 17D Gal4 /ϩ, N ϭ 6) lines compared with their respective genetic controls (Fig. 3C) . The above results suggest that a reduction in ent2 expression in either the AL or the ␣/␤ lobes of the MB can lead to a reduction in associative learning. It should be noted, however, that whereas OK66
Gal4 drives expression primarily in the antennal lobes, we did observe some expression in the MB as well (supplemental Fig. 2 A, available at www. jneurosci.org as supplemental material) such that we cannot rule out the possibility that the reduced performances in OK66
Gal4 ; ent2
RNAi flies may be the result of reduced ent2 expression in the core of the MB.
Synaptic strength and plasticity are impaired in ent2 mutants
Previous studies on other learning and memory mutants have shown defects in synaptic transmission at the larval neuromuscular junction (Zhong and Wu, 1991; Zhong et al., 1992; Zhao et al., 2009 ). To determine whether ent2 mutants had any defects in synaptic transmission, we measured synaptic strength and plasticity at the neuromuscular junction (NMJ) of third-instar larvae. We first examined spontaneously occurring transmitter release. The amplitude of mEJPs in either the ent2 P124 or ent2 3 mutants was not significantly different from the w 1118 control line (0.84 Ϯ 0.03 mV in control, N ϭ 25; 0.86 Ϯ 0.04 mV in ent2 P124 , N ϭ 21; 0.92 Ϯ 0.03 mV in ent2 3 , N ϭ 22) (Fig. 4 A, B) . The frequency of mEJPs, however, was significantly ( p Ͻ 0.001) elevated in both ent2 P124 and ent2 3 mutants relative to the control (1.2 Ϯ 0.1 Hz in control, 2.3 Ϯ 0.2 Hz in ent2 P124 , and 2.3 Ϯ 0.2 Hz in ent2 3 ). The amplitude of mEJPs may be affected by both presynaptic and postsynaptic factors (Karunanithi et al., 2002; Vautrin and Barker, 2003) , whereas the frequency is affected exclusively by presynaptic factors. As such, the lack of change in the amplitude of mEJPs combined with an increase in the frequency of mEJPs is indicative of a presynaptic role for ent2 in synaptic transmission. We next looked at the amplitude of stimulus evoked transmitter release and observed a significant ( p Ͻ 0.001) increase in the size of stimulus evoked EJPs in both ent2 P124 and ent2 3 mutants relative to the control (11.4 Ϯ 0.9 mV in control, 19.1 Ϯ 1.1 mV in ent2 P124 , and 18.4 Ϯ 1.1 mV in ent2 3 ) (Fig. 4C, D) . Given that we did not observe an increase in the amplitude of mEJPs, this increase in the amplitude of stimulus evoked EJPs indicates an increase in the number of vesicles released after arrival of the action potential at the NMJ.
We next looked at the effect of ent2 mutations on short-term synaptic plasticity. We first examined paired-pulse plasticity. Pairs of stimuli were delivered at different interstimulus intervals, and the ratio of the second (test) pulse to the first (conditioning) RNAi flies were crossed to three different Gal4 enhancer trap lines, OK66 Gal4 (antennal lobe driver) and 739
Gal4 and 17D Gal4 (both mushroom body ␣/␤ lobe-specific drivers). Associative learning was impaired in the experimental lines (bearing both the ent2
RNAi transgene and the Gal4 enhancer) (solid bars) but not in flies bearing a single copy of the Gal4 enhancer alone (open bars). The asterisk (*) indicates a significant difference, p Ͻ 0.05. In all cases shown, the errors represent SEM. pulse was examined. Under the conditions used in the present study, we observed a marked facilitation of the test pulse with short interstimulus intervals in control preparations (Fig. 5 A, B) . Although the conditioning pulse was larger in ent2 P124 and ent2 3 mutants (Fig. 5A ), the test pulse did not show the same degree of facilitation as seen in control preparations (Fig. 5B) . Given that the first EJP in the ent2 mutants is quite large relative to controls, we considered the possibility that the lack of paired-pulse facilitation in ent2 mutants was attributable to a saturation of postsynaptic receptors. To test this possibility, we examined a different form of short-term plasticity, specifically, posttetanic potentiation (PTP). Previous studies have shown that EJP amplitudes are transiently elevated after a brief tetanic stimulation (Zhong and Wu, 1991; Knight et al., 2007) . We compared the EJP amplitudes during a 0.2 Hz train of stimuli before and after a brief tetanic stimulation (30 s; 10 Hz). EJP amplitudes were significantly higher in ent2 mutants both before and after the tetanus relative to the controls such that the PTP ratio was not significantly different in the ent2 mutants relative to the control (compare PTP ratios Ϯ SEM of 1.6 Ϯ 0.23 in w 1118 , N ϭ 16, with 1.5 Ϯ 0.06 in ent2 P124 , N ϭ 16, and 1.5 Ϯ 0.1 in ent2 3 , N ϭ 17) (Fig. 5C ). These data demonstrate that ent2 mutants do not have defects in PTP. Moreover, the increase in EJP amplitude after the tetanus cannot be attributed to changes in the density or function of postsynaptic receptors since the amplitude of mEJPs did not change after the tetanus (data not shown). The results of the PTP experiments show that both control and ent2 mutants can facilitate the amplitude of the postsynaptic response independently of changes in postsynaptic receptor density. As such, the large EJPs and reduced paired-pulse facilitation observed in ent2 mutants must be attributable to aberrant presynaptic transmitter release mechanisms.
Calcium influx is elevated in ent2 mutants
The increased amplitude of stimulus evoked transmitter release combined with reduced paired-pulse facilitation in ent2 mutants are consistent with an increase in transmitter release probability (Zucker and Regehr, 2002) . Since the probability of transmitter release is strongly linked to changes in calcium influx (Fatt and Katz, 1952; Del Castillo and Katz, 1954; Neher and Sakaba, 2008) , we asked whether stimulus-induced calcium influx is increased in ent2 mutants. For this purpose, cut motor neurons were forward filled with the calcium-sensitive dye Oregon Green-1 BAPTA. Action potentials evoked in loaded axons led to a transient increase in fluorescence because of an increase in the cytosolic calcium concentration in synaptic boutons (Fig. 6 A, B) . We examined calcium responses during short trains of 2 Hz stimuli delivered in 2 mM extracellular calcium. Under these conditions, we observed significantly larger calcium transients in ent2 mutants relative to the controls [compare ⌬F/F o values of 0.17 Ϯ 0.01 arbitrary units (au) in w 1118 , N ϭ 13, with 0.22 Ϯ 0.01 au in ent2 P124 , N ϭ 10, and 0.28 Ϯ 0.02 au in ent2 3 , N ϭ 5] (Fig. 6C ). An increase in calcium response amplitude may reflect an increase in calcium influx or impairment in calcium clearance (Lnenicka et al., 2006; Klose et al., 2009 ). When we examined the decay constants of the calcium responses, however, we observed no significant differences between the ent2 mutants and controls (compare decay constants of 17.5 Ϯ 2.4 ms in w 1118 with 18.6 Ϯ 1.6 ms in ent2 P124 and 17.1 Ϯ 2.9 ms in ent2 3 ) (Fig. 6 D) . These results show that extrusion of calcium from nerve terminals is not altered in ent2 mutants, suggesting that the increased amplitude of the calcium responses is attributable to increased calcium influx.
Interaction between ent2 and adenosine receptor function Studies in mammals have suggested that equilibrative nucleoside transporters modify behavior by altering the concentration of extracellular adenosine available for the activation of adenosine receptors (Choi et al., 2004; Chen et al., 2007) . We hypothesized that the extracellular availability of adenosine may be altered in ent2 mutants, leading to aberrant adenosine receptor activation. To address this possibility, we examined synaptic physiology and learning in ent2 mutants containing an adenosine receptor (AdoR) mutation (AdoR 1 ) generated by homologous recombination (Dolezal et al., 2005) . The AdoR 1 mutants express a truncated form of the receptor with 278 aa (instead of the usual 774). It is unclear at present what functional properties remain in the truncated AdoR 1 mutants; however, these mutants have been shown to rescue lethality in adenosine deaminase mutants by impairing adenosine receptor signaling (Dolezal et al., 2005) , suggesting that the AdoR 1 mutants constitute at least a partial loss of function. We crossed flies bearing either the ent2 P124 or the ent2 3 mutations to flies bearing the AdoR 1 mutation to generate flies that were homozygous for both the ent2 mutant allele and the AdoR 1 mutant allele. These double-mutant flies were completely viable.
We first examined associative learning in compared with the control (compare 62.4 Ϯ 3.7 in AdoR 1 mutants, N ϭ 7, with 84.8 Ϯ 1.7 in controls, N ϭ 6) (Fig. 7) . Similarly, the performance indices in ent2-AdoR 1 double mutants were also significantly reduced ( p Ͻ 0.05) compared with the control but were not significantly different from performance indices of either the ent2 or AdoR 1 mutants (performance indices: 54 Ϯ 5.3 in ent2 P124 ;AdoR 1 , N ϭ 8, and 60.4 Ϯ 3.3 in ent2 3 ; AdoR 1 , N ϭ 8). These results suggest that the defects in associative learning observed in ent2 mutants may be attributable to altered adenosine receptor activation.
We next examined synaptic physiology in the AdoR 1 mutants and the ent2-AdoR 1 double mutants. Similar to our observations in the learning assay, AdoR 1 mutants showed defects in synaptic strength and plasticity similar to those observed in ent2 mutants. First, EJP amplitudes were significantly elevated in AdoR 1 mutants relative to the w 1118 control line (compare 19.6 Ϯ 3 mV in AdoR 1 mutants, N ϭ 10, to 11.4 Ϯ 0.9 mV in controls, N ϭ 25; p Ͻ 0.01) (Fig. 8 A) . As with the ent2 mutants, the increased EJP amplitude in AdoR 1 mutants was attributable to a presynaptic change in transmitter release since the amplitude of the mEJPs in AdoR 1 mutants was not significantly different from the control (data not shown). Second, AdoR 1 mutants showed a reduction in paired-pulse plasticity at short interstimulus intervals similar to that seen in ent2 mutants [ Fig. 8 B, (Fig. 8C) . As with ent2 mutants, the increased amplitude of calcium transients in AdoR 1 was attributable to an increase in calcium influx rather than impaired calcium extrusion since the decay constants in AdoR 1 mutants were not significantly different from those in the controls (compare 17.5 Ϯ 2.3 ms in control with 16.4 Ϯ 2 ms in AdoR 1 ). These results are consistent with our observations in the behavioral assay and suggest that the cognitive and synaptic phenotypes in ent2 mutants may be attributable to decreased adenosine receptor activation. In contrast to our results with the behavioral assay, however, the synaptic defects observed in ent2 and AdoR 1 mutants were rescued in ent2-AdoR 1 double mutants. EJP amplitudes were not significantly different from the control in ent2-AdoR 1 double mutants (compare 7.6 Ϯ 1.2 mV in ent2 P124 ;AdoR 1 , N ϭ 16, and 10.2 Ϯ 1.2 mV in ent2 3 ;AdoR 1 , N ϭ 15, with 11.4 Ϯ 0.9 mV in control) (Fig. 8 A) . ent2-AdoR 1 double mutants also showed normal paired-pulse facilitation [ Fig. 8 (Fig. 8C) .
We next asked whether compensatory changes in the expression of other nucleoside transporters might explain the similar synaptic phenotypes observed in ent2 hypomorphic mutants and AdoR 1 truncated mutants despite normal synaptic strength and plasticity in the double mutants. To test this possibility, we examined the expression of all three equilibrative nucleoside transporters and both concentrative nucleoside transporters in ent2 and AdoR 1 mutants using quantitative RT-PCR. We observed a dramatic increase in the expression of ent2 in AdoR 1 mutants (Fig. 8 D) without any significant change in the expression of other nucleoside transporters in the AdoR 1 mutants (supplemental Fig. 4 A, available at www.jneurosci.org as supplemental material). Furthermore, none of the other nucleoside transporters were transcriptionally upregulated in ent2 mutants to compensate for the reduced ent2 expression. In fact, we saw a significant decrease in the expression of ent1, ent3, and CNT1 in the ent2 mutants. Given that the AdoR 1 mutants display the same behavioral and synaptic phenotypes as ent2 mutants, yet do not show any changes in the expression of these genes, it seems unlikely that these changes in the expression of these nucleoside transporters can account for the phenotypes observed in the present study.
The dramatic increase in ent2 expression observed in AdoR 1 mutants led us to ask whether ent2 expression is also increased in ent2-AdoR 1 double mutants. Indeed, we found that the expression of ent2 is also significantly increased in ent2-AdoR 1 double mutants relative to the control (Fig. 8 D) . Although the expression of ent2 in the double mutants was increased relative to the control, it was also significantly less than in AdoR 1 mutants alone. Together, these results suggest that the AdoR 1 truncation results in a large compensatory increase in ent2 expression. When this effect is combined with the ent2 hypomorphic mutations, the net effect is an approximately threefold increase in ent2 expression relative to the control, or a ϳ70% reduction relative to the AdoR 1118 (w) control preparations (solid diamonds) showed marked paired-pulse facilitation (PPF), indicated by the higher paired-pulse ratios. This PPF declined as the interstimulus interval was increased. In ent2 P124 and ent2 3 mutants (shaded squares and open triangles, respectively), however, the paired-pulse ratio was significantly reduced, with the most dramatic differences observed at the shorter interstimulus intervals. C, The PTP ratio was calculated as the amplitude of posttetanic EJPs divided by the amplitude of pretetanic EJPs. Whereas the raw amplitude of both pretetanic and posttetanic EJPs was higher in ent2 3 and ent2 P124 lines relative to the control, the PTP ratio in these lines was not significantly different. Error bars indicate SEM.
the AdoR to intracellular signaling cascades are presently unclear. It is possible that the increase in ent2 expression in these mutants may reflect a compensatory mechanism in response to a decrease or change in signaling through the AdoR. In the ent2-AdoR 1 double mutants, this compensatory increase in ent2 expression is tempered by the presence of the ent2 hypomorphic mutant alleles.
In addition to the changes in expression of other nucleoside transporters, we also observed a significant reduction in the expression of several members of the adenosine deaminase-related growth factor (ADGF) family of genes in both ent2 and AdoR 1 mutants (supplemental Fig.  4 B, available at www.jneurosci.org as supplemental material). Several of the ADGFs have been shown to possess strong adenosine deaminase activity in flies (Zurovec et al., 2002) . Given that the primary function of adenosine deaminases is to metabolize extracellular adenosine, the decreased expression of ADGFs may be indicative of a decrease in the extracellular concentration of adenosine.
Synaptic defects in ent2 mutants occur independently of changes in cAMP
The above results suggest that there is an interaction between ent2 and AdoR function; however, the nature of that interaction is unclear. Both the ent2 hypomorphic and AdoR 1 truncated mutants show similar defects in synaptic strength and plasticity, yet double mutants appear normal. Based on these observations, we considered the possibility that the observed defects in synaptic strength and plasticity may be attributable to changes in cAMP metabolism since activation of the Drosophila AdoR leads to an increase in cAMP concentration in CHO cells (Dolezelova et al., 2007) . Several previous studies have shown that genetic and pharmacological treatments that increase cAMP concentration lead to an increase in transmitter release and decrease in synaptic plasticity (Zhong and Wu, 1991; Cheung et al., 1999 Cheung et al., , 2006 Kuromi and Kidokoro, 2000; Yoshihara et al., 2000) . It is possible, therefore, that the increased transmitter release observed in ent2 mutants is attributable to an increase in adenosine receptor activation leading to an increase in the cAMP concentration. To test this hypothesis, we performed an enzymatic immunoassay (EIA) to measure cAMP concentrations in control and ent2 mutants (supplemental Fig. 3A , available at www.jneurosci.org as supplemental material). Using this technique, we were unable to detect any significant differences in the cAMP concentration in our ent2 mutants, despite seeing a robust increase in the cAMP concentration in the cAMP-specific phosphodiesterase mutant dunce (dnc).
A major caveat with the cAMP EIA is that it measures the average cAMP concentration in a whole tissue (or whole animal). Given the relatively limited expression pattern of ent2 (as highlighted in supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), it is possible that changes in the cAMP concentration in a small subset of cells might be masked by the lack of any changes in the majority of the tissue present in the lysate. To address this possibility, we generated flies that were homozygous for the ent2 P124 mutation while carrying both an UAS-dunce transgene (UAS-dnc) and an inducible pan-neuronal driver (elav Gal4-Pswitch ). Early third-instar larvae of this genotype were randomly separated into two treatment groups and allowed to develop to the wandering third-instar stage at 29°C. The first group was placed in food containing the progesterone receptor antagonist RU486 (mifepristone) (500 M) to induce expression of UAS-dnc, whereas the second group was placed in food containing a comparable volume of ethanol (vehicle). We then examined synaptic strength and plasticity at the NMJ in vehicle-fed (control) and mifepristone-fed larvae. If adenosine receptor activation is elevated in ent2 mutants, leading to an increase in the concentration of cAMP, expression of a UAS-dnc transgene in the ent2 P124 mutant background should rescue the increased synaptic strength. In contrast, however, the synaptic defects were amplified in mifepristone-fed larvae such that EJP amplitudes were elevated compared with vehicle-fed larvae (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material). This increase in EJP amplitude was not accompanied by any significant changes in the amplitude of mEJPs (data not shown). We also noted a decrease in paired-pulse plasticity in mifepristonefed larvae compared with vehicle-fed larvae (supplemental Fig.  3C , available at www.jneurosci.org as supplemental material). These results, combined with the results of the cAMP EIA, are thus inconsistent with a model predicting increased cAMP concentrations in the ent2 mutants generated by increased activation of the adenosine receptor.
Discussion
ENTs are evolutionarily conserved proteins that affect a diverse array of processes (Rose and Coe, 2008; Young et al., 2008) . In mammals, ENT function regulates behaviors such as sleep/arousal states, drug dependence/addiction, and mood disorders (Alanko et al., 2003; Choi et al., 2004; Guillén-Gó mez et al., 2004; Chen et al., 2007) . ENTs are also therapeutic routes of entry for nucleoside analogues used in the treatment of diseases such as cancer and malaria (Zhang et al., 2007; Downie et al., 2008) . As such, a detailed understanding of how ENT function affects these processes is of interest to a wide range of disciplines. In the present study, we have examined a novel role for ENTs in Drosophila. We showed virtually identical defects in associative learning in three independently generated mutant alleles of ent2. These reductions in associative learning were correlated with a decrease in the expression of ent2 in both the ent2 P124 mutants and the newly generated ent2 3 mutants. Furthermore, knocking down ent2 expression using RNAi (Fire et al., 1998 ) also impaired associative learning. Together, these results provide compelling evidence to link ent2 function to associative learning in Drosophila.
Mutations in ent2 elevate presynaptic calcium influx and transmitter release probability Several studies have demonstrated a correlation between synaptic defects observable at the larval neuromuscular junction and impaired learning in Drosophila (Zhong and Wu, 1991; Zhong et al., 1992; Zhao et al., 2009) . In the present study, we observed an approximately twofold increase in the amplitude of stimulus evoked EJPs in ent2 P124 and ent2 3 mutants relative to the control. Several lines of evidence suggest that the observed differences in EJP amplitude originate in the presynaptic terminal. First, the amplitude of mEJPs was not significantly different in the ent2 mutants, whereas the frequency of mEJPs was higher. Second, we also observed a reduction in paired-pulse plasticity, a phenomenon known to be attributable to changes in presynaptic calcium handling (Fisher et al., 1997; Zucker and Regehr, 2002; Neher and Sakaba, 2008) . Finally, we observed an increase in stimulus-dependent calcium entry specifically in presynaptic boutons. Given the fourth-power relationship between calcium influx and transmitter release (Fatt and Katz, 1952; Del Castillo and Katz, 1954) , the observed increase in stimulus-dependent calcium influx was entirely consistent with a twofold increase in transmitter release probability. Additionally, the correlation between the presynaptic calcium increases and the postsynaptic responses indicates that voltage-gated calcium channels at the active zone are the primary source of the increased calcium. Together, the results suggest that the increased probability of release and reduced paired-pulse plasticity observed in ent2 mutants result from elevated calcium influx through voltage-gated calcium channels. Interaction between ent2 and adenosine receptor function In mammals, nucleoside transporters have been implicated in the regulation of several physiological processes via their ability to modulate the extracellular concentration of adenosine (Meester et al., 1998; Ackley et al., 2003; Choi et al., 2004; Chen et al., 2007) . Our data suggest that the learning and synaptic defects observed in ent2 mutants may also be mediated by changes in adenosine receptor activation. We showed that ent2 hypomorphic mutants and AdoR 1 truncated mutants have similar defects in both associative learning and synaptic function. The defects in synaptic function, however, were rescued in ent2-AdoR 1 double mutants. We also observed a dramatic increase in ent2 expression in AdoR 1 mutants, suggesting the existence of a functional link between AdoR function and ent2 expression. This cross talk between the receptor and the transporter appears to be specific to ent2 since the expression of the other equilibrative or concentrative nucleoside transporters were not affected in AdoR 1 mutants. Although the results of the present study indicate the presence of some form of cross talk between ent2 and the AdoR, the nature of this cross talk is not clear. Studies in ENT1 knock-out mice suggest that loss of ENT1 leads to an increase in adenosine receptor activation in the amygdala and a decrease in adenosine receptor activation in the striatum (Choi et al., 2004; Chen et al., 2007) . Measurements of extracellular adenosine concentration are technically challenging because of the unstable nature of adenosine. The task is even further complicated, however, by the possibility that extracellular adenosine levels may be variable even within different regions of the same organ. One way to circumnavigate this problem is to try to indirectly measure adenosine concentrations by measuring the level of adenosine receptor activation; however, this requires an understanding of the signaling pathways affected by adenosine receptor activation. In Drosophila, this task should be relatively simple because of the presence of a single adenosine receptor gene. When expressed in CHO cells, the AdoR produces an increase in cAMP and intracellular calcium in response to increasing concentrations of the agonist (Dolezelova et al., 2007) . It is unclear at present whether similar signaling pathways are activated in vivo. We were unable to detect changes in cAMP in either ent2 or AdoR 1 mutants, although the restricted expression pattern of ent2 in the adult CNS may be masking changes in a small group of cells. Although the results of the present study did not support a role for cAMP in the observed defects in synaptic function, we cannot rule out a role for cAMP in the defects in associative learning. The fact that ent2-AdoR 1 double mutants rescue the defects in synaptic function, but do not rescue the defects in associative learning, is suggestive of a different mechanism in the CNS that may still involve changes in cAMP. It should also be noted that ent2 may also affect cAMP concentration independently of adenosine receptor activation by altering the intracellular concentration of adenosine available for synthesis of ATP and cAMP.
Although we were not able to directly or indirectly measure extracellular adenosine concentrations, the quantitative RT-PCR results may shed some light on the nature of the interaction between ent2 and the AdoR. We noted a dramatic (Ͼ10-fold) increase in the expression of ent2 in AdoR 1 mutants. This result suggests that ent2 expression may be modulated by AdoR signaling. The nature of the signaling events linking AdoR activation and ent2 expression as well as the interaction of the truncated AdoR 1 receptor with downstream signaling pathways remain to be determined. Regardless of the molecular link between AdoR 1 function and ent2 expression, however, these RT-PCR results suggest that ent2 expression may be regulated to provide a constant adenosine tone. In the AdoR 1 mutants, the extracellular adenosine concentration is presumably normal, but as a result of the truncation, AdoR signaling is aberrant leading to a dramatic compensatory increase in the expression of ent2. If this model is correct, extracellular adenosine concentrations and thus adenosine tone may be reduced in ent2 mutants. A similar reduction in adenosine tone was observed in the striatum of ENT1-null mice (Choi et al., 2004) . Consistent with this hypothesis, expression of the adenosine deaminase-like growth factors, which have been shown to have strong adenosine deaminase activity (Zurovec et al., 2002) , was reduced in ent2 mutants. Additional work will be required to understand the molecular nature of the cross talk between ent2 and AdoR in Drosophila; however, the results of the present study confirm that regulation of nucleoside transport is an evolutionarily conserved method for regulating purinergic signaling.
